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INTRODUCTION 

Mayo r e p o r t e d ( l , 2 , 3 )  e f f o r t s  t o  b r e a k  c r o s s - l i n k s  i n  c o a l  under  mi ld  c o n d i t i o n s ,  
by t r e a t i n g  a t o l u e n e  i n s o l u b l e ,  p y r i d i n e  s o l u b l e  (TIPS) f r a c t i o n  of I l l i n o i s  No.6 
c o a l  w i t h  p y r i d i n e  h y d r i o d i d e  (Py-HI) i n  p y r i d i n e ,  a t  room t empera tu re ,  f o r  s i x  days.  
The hydroxy l  c o n t e n t  o f  t h e  p roduc t  i n c r e a s e d ,  t h e  molecu la r  we igh t  (VP0,GPC) 
dec reased  and i o d i n e  was i n c o r p o r a t e d .  L i th ium i o d i d e  i n  p y r i d i n e  showed a s i m i l a r  
e f f e c t .  Treatment  of TIPS w i t h  sodium i n  l i q u i d  ammonia quenched by N H  C 1  a l s o  in-  
c r e a s e d  t h e  hydroxy l  c o n t e n t  b u t  t h e  d e c r e a s e  i n  molecu la r  weight  was l e s s  t han  with 
Py-HI. 
mo lecu la r  we igh t .  The s u g g e s t i o n  i s  t h a t  t h e s e  r e a g e n t s  a r e  c l e a v i n g  similar, if. not  
i d e n t i c a l ,  f u n c t i o n a l  g roups  i n  c o a l .  

4 

Treatment  o f  t h e  sodium/ammonia p r o d u c t s  w i t h  Py-HI f u r t h e r  reduced t h e  

- 
Sodium i n  l i q u i d  ammonia c l e a v e s  e t h e r s  i n  c o a 1 ( 4 , 5 ) ,  most l i k e l y  d i a r y 1  o r  

a r y l - b e n z y l  b u t  n o t  a l k y l - a r y l  or  d i a l k y l  e t h e r s ,  by a r a d i c a l  a n i o n  mechanism.(6) 

T h i s  s t u d y  w a s  unde r t aken  t o  de te rmine  i f  e t h e r  o r  e s t e r  g roups  of t y p e s  which 
may b e  p r e s e n t  i n  c o a l  are c l e a v e d  by Py-HI o r  L i I  i n  p y r i d i n e ,  a t  moderate  tempera- 
t u r e s ,  t o  produce pheno l s .  Py-HBr(7) c l e a v e s  a lky l -naph thy l  e t h e r s  above 230°, bu t  
low t empera tu re  c l e a v a g e  r e a c t i o n s  w i t h  Py-HI have n o t  been r e p o r t e d .  
deme thy la t e s  2-methoxynaphthalene i n  r e f l u x i n g  c o l l i d i n e  (172 ' ) . (8)  

L i th ium iod ide  

Mono-functional e t h e r s  o r  e s t e r s  t r e a t e d  w i t h  Py-HI o r  L i I  i n  t h e  p re sence  and 
absence  o f  c o a l  f r a c t i o n s ,  s o l v e n t s ,  s u l f i d e s  and r a d i c a l  s o u r c e s  a r e  u n r e a c t i v e  a t  
low t empera tu res  b u t  a lkoxy g roups  o r t h o  t o  a n  a r o m a t i c  c a r b o x y l  group a r e  c l eaved .  

EXPERIMENTAL 

P y r i d i n e  hydr iod ide  was p r e p a r e d  i n  78% y i e l d  by p a s s i n g  H I  gas  i n t o  a dry 
t o l u e n e  s o l u t i o n  o f  p y r i d i n e  and r e c r y s t a l l i z i n g  t h e  s o l i d  p roduc t  from methanol .  
The fo l lowing  compounds were s y n t h e s i z e d  by s t a n d a r d  methods and have p h y s i c a l  
c o n s t a n t s  i n  agreement w i t h  l i t e r a t u r e  v a l u e s :  Benzyl  pheny l  e t h e r  ( I ) ,  2-naphthyl- 
methyl-2-naphthyl  e t h e r  (11)  , I-naplithylmethyl-1-naphthyl e t h e r  (111) , c y c l o h e x y l  
pheny l  e t h e r  ( IV),  pheny l  p h e n e t h y l  e t h e r  (V), and  1-naphthyl  benzoa te  (VI ) .  Other 
model compounds w e r e  r e a g e n t  g rade  commercial  p r o d u c t s ,  checked f o r  p u r i t y  by HPLC 
and NMR, and used w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  

P y r i d i n e  was d i s t i l l e d  from ba r ium ox ide  under  n i t r o g e n  b e f o r e  u s e .  Reac t ions  
were u s u a l l y  conducted on a . l - 10  mmole s c a l e  (.02-.3M), under  n i t r o g e n .  P roduc t s  
were i s o l a t e d  from p y r i d i n e  s o l u t i o n s  by quenching w i t h  aqueous a c i d  fo l lowed  by ex- 
t r a c t i o n  a n d  q u a n t i t a t i v e  a n a l y s i s  u s i n g  e i t h e r  g a s  chromatography (12% FFAP column) 
o r  HPLC (C 
d u c i b l e  wi1h.n +3% a b s o l u t e .  
Penn S t a t e  Coa l  Data Bank were i s o l a t e d  by t h e  methods of Mayo. 
which e t h e r s  and Py-HI were mixed w i t h  c o a l  f r a c t i o n s ,  an a s p i r a t o r  vacuum was a p p l i e d  
and broken w i t h  n i t r o g e n  s e v e r a l  t i m e s  t o  speed  up t h e  s w e l l i n g  o r  d i s s o l u t i o n  of t h e  
f r a c t i o n  and d i f f u s i o n  o f  r e a g e n t s  i n t o  t h e  c o a l  network.  

REACTIONS WITHOUT SOLVENT 

r e v e r s e  phase column).  The r e p o r t e d  y i e l d s  (or r e c o v e r i e s )  a r e  repro-  

For expe r imen t s  i n  
F r a c t i o n s  of an  I l l i n o i s  No. 5 c o a l  (PSOC-252) from t h e  

A s  expec ted  from Royer ' s  work (7 ) ,  t h e  f o l l o w i n g  compounds were c l e a v e d  by excess  
Py-HI i n  a n  evacua ted ,  s e a l e d  t u b e  a t  210" f o r  4 5  h r s :  A n i s o l e ,  (I),  (IV),  (V) and 



methy l  benzoa te .  From t h e  e t h e r  r e a c t i o n s ,  phenol  was i s o l a t e d ;  from t h e  e s t e r ,  
benzo ic  a c i d .  Only t r a c e  amounts o f  a l k y l  i o d i d e s  were found s i n c e  t h e y  r e a c t  w i t h  
H I  a t  210" t o  y i e l d  t h e  obse rved  hydrocarbons.  These r e s u l t s  show t h e  e t h e r s  t o  
behave normally and a l s o  i n d i c a t e  t h a t  t h e  r e a c t i v i t y  of Py-HI i s  s l i g h t l y  g r e a t e r  
t han  t h a t  of Py-HBr, a s  expec ted  f o r  c l e a v a g e  by n u c l e o p h i l i c  s u b s t i t u t i o n .  
and 25 hour s ,  Py-HI conve r t ed  2-methoxy benzo ic  a c i d  t o  a complex m i x t u r e  o f  p r o d u c t s  
i n c l u d i n g  s e v e r a l  r i n g  i o d i n a t e d  s p e c i e s  (mass spec ) .  

REACTIONS I N  SOLUTION 

A t  196" 

A s  expec ted ,  2-naphthylmethyl-2-naphthyl e t h e r  (11) i s  c l e a v e d  by r e f l u x i n g  57% 
aqueous H I  t o  y i e l d  2-naphthol .  However, a t  t empera tu res  of 50 to  115", f o r  up t o  
seven days ,  Py-HI d i d  n o t  c l e a v e  t h e  monofunct ional  a r o m a t i c  e t h e r s  o r  e s t e r s  l i s t e d  
i n  Tab le  1 i n  e i t h e r  w e t  o r  d ry  p y r i d i n e ,  a c e t o n i t r i l e  o r  e t h a n o l .  The a d d i t i o n  o f  
r a d i c a l  i n i t a t o r s ,  A I B N  or benzoy l  pe rox ide ,  d i d  n o t  produce c l e a v a g e ,  nor d i d  FeS, 
FeS o r  FeCl added t o  mimic m i n e r a l  m a t t e r  i n  c o a l .  Added d i p h e n y l  s u l f i d e  a l s o  had 
no e f f e c t .  2 2 

E t h e r s  (I)  and (11) were mixed w i t h  Py-HI and TIPS o r  e x t r a c t e d  c o a l ,  i n  p y r i d i n e ,  
under  n i t r o g e n  f o r  up t o  seven d a y s  a t  55 o r  115". No c l e a v a g e  p r o d u c t s  were d e t e c t e d  
by HPLC ( 2 %  d e t e c t i o n  l i m i t )  and e t h e r  (11) was r ecove red  from t h e  c o a l  i n  h igh  y i e l d .  

HYDROGEN BONDED ETHERS 

Recent d a t a  from Lar sen (9 )  and Ge thne r ( l0 )  i n d i c a t e  t h a t  e t h e r  oxygen in c o a l  
may a l r e a d y  be p r o t o n a t e d  and p e r h a p s  a c t i v a t e d  toward i o d i d e  a t t a c k .  
t h a t  a l l  hydroxyl  g roups  i n  c o a l  can  be d e r i v a t i z e d  w i t h  bis(tri-n-buty1tin)oxide 
and t h a t  each  i n t r o d u c e d  tin atom is w i t h i n  hydrogen bonding d i s t a n c e  of a n o t h e r  
he t e roa tom.  Elemental  compos i t ion  r e q u i r e s  t h a t  t h i s  a tom b e  oxygen. G e t h n e r ' s  FTIR 
s t u d y  o f  D 0 exchanged c o a l  shows t h a t  a l l  pheno l i c  hydroxy l  g roups  i n  I l l i n o i s  No.6 
c o a l  a r e  hydrogen bonded, s u g g e s t i n g  t h a t  t h e  geometry seen  i n  L a r s e n ' s  t i n  d e r i v a -  
t i v e  i s  a l s o  p r e s e n t  i n  c o a l  i t s e l f .  

La r sen  showed 

2 

We propose t h a t  t h e s e  r e s u l t s  c a n  be e x p l a i n e d  by s t r u c t u r e  (VII) i n  which e t h e r  
oxygen w i t h i n  a c o a l  c r o s s - l i n k  i s  hydrogen bonded t o  a p h e n o l i c  hydroxy l  group which 
i s  a l s o  c o v a l e n t l y  l i n k e d  t o  p a r t  of t h e  network.  
toward i o d i d e  a t t a c k  i n  p y r i d i n e  s o l u t i o n  where s imple  e t h e r s  would n o t  r e a c t .  

Such e t h e r s  may be a c t i v a t e d  

I f  a s t r u c t u r e  such  a s  (VII) were p r e s e n t  i n  TIPS, would i t  a c t i v a t e  t h e  e t h e r  
toward c l e a v a g e  by i o d i d e ?  To answer t h i s ,  w e  used 2-methoxy pheno l ,  2-phenylmethoxy 
pheno l  and s e v e r a l  a lkoxy  s u b s t i t u t e d  benzo ic  a c i d s  as  model e t h e r s  f o r  r e a c t i o n s  
w i t h  Py-HI, L i I  and K I  i n  p y r i d i n e ,  a c e t o n i t r i l e  and DMSO and found t h a t  b o t h  2- 
methoxy and 2-ethoxy benzo ic  a c i d  a r e  c l eaved  by s o u r c e s  o f  i o d i d e  i o n  i n  p y r i d i n e  
a t  85-115" t o  produce s a l i c y l i c  a c i d .  
benzo ic  a c i d s  are i n e r t  under  t h e s e  c o n d i t i o n s .  R e s u l t s  a r e  summarized i n  Tab le  2.  

The two pheno l s  and t h e  4-methoxy and 2-phenoxy 

The s u b s t i t u t e d  benzo ic  a c i d s  w e r e  chosen as compounds i n  which t h e  e f f e c t  of 
i n t e r n a l  hydrogen bonding on e t h e r  c l e a v a g e  cou ld  be c o n v e n i e n t l y  t e s t e d  and t h e s e  
r e s u l t s  do  n o t  imply t h a t  e t h e r s  c l e a v e d  in c o a l  a r e  o r t h o  t o  c a r b o x y l i c  a c i d s .  
These r e s u l t s  do show t h a t  Py-HI and L i I  can  c l e a v e  a l k y l - a r y l  e t h e r s  i n  p y r i d i n e  i f  
t h e  e t h e r  oxygen c a n  be p r o t o n a t e d  by i n t r a m o l e c u l a r  hydrogen bonding.  
hydrogen bonding i n  2-methoxy benzo ic  a c i d  h a s  been demons t r a t ed  i n  t h e  c o n c e n t r a t i o n  
r ange  of our  expe r imen t s ,  c o n d i t i o n s  where benzo ic  and 2-methyl benzo ic  a c i d s  are 
l a r g e l y  d i m e r i c . ( l l )  

I n t r a m o l e c u l a r  

Based on f l u o r e s c e n c e  s t u d i e s ,  Ware and co -worke r s ( l2 )  concluded t h a t  t h e  ca r -  
boxyl  p r o t o n  o f  3-hydroxy-2-naphthoic a c i d  hydrogen bonds t o  added p y r i d i n e ,  i n  
t o l u e n e  s o l u t i o n ,  w i thou t  complete  i o n i z a t i o n  of t h e  0-H bond. T h i s  i m p l i e s  t h a t  
t h e  a c i d  p r o t o n  i s  a v a i l a b l e  f o r  a c t i v a t i n g  a n  a d j a c e n t  e t h e r ,  p o s s i b l y  a s  i n  s t r u c -  
t u r e  ( V I I I ) .  
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I f  S t r u c t u r e s  s u c h  as ( V I I I )  are p r e s e n t  i n  p y r i d i n e  s o l u t i o n ,  and p rov ide  con- 
d i t i o n s  s u f f i c i e n t  f o r  c l e a v a g e ,  t h e n  t h e  r e a c t i o n s  w i t h  K I  and  L i I  a r e  r a t i o n a l i z e d .  
The f a i l u r e  o f  4-methoxy b e n z o i c  a c i d  t o  r e a c t  s u g g e s t s  t h a t  e l e c t r o n i c  e f f e c t s  through 
t h e  r i n g  are n o t  r e s p o n s i b l e  for t h e  r e a c t i o n s  of  t h e  o r t h o  i somers .  Although 
k i n e t i c s  have n o t  been d e t e r m i n e d ,  t h e  r e a c t i o n  o r d e r  m e t h y l > e t h y l > > > p h e n y l  i s  con- 
s i s t e n t  w i t h  c l e a v a g e  y& n u c l e o p h i l i c  s u b s t i t u t i o n  on carbon.  

The f a i l u r e  of 2-methoxy p h e n o l  and 2-phenylmethoxy phenol  t o  r e a c t  i s  a problem, 

Perhaps  t h e  geometry 
s i n c e  t h e  hydrogen bond i n  s t r u c t u r e s  such a s  (VII) must come from hydroxyl  r a t h e r  
than  c a r b o x y l  t o  be c o n s i s t e n t  w i t h  L a r s e n ' s  and G e t h n e r ' s  d a t a .  
f o r  s t r o n g  i n t e r n a l  hydrogen bonding  i n  t h e  model p h e n o l s  i s  n o t  a p p r o p r i a t e  ( f i v e  
v e r s u s  s i x  membered r i n g )  o r  t h e  e l e c t r o n i c  e f f e c t  o f  one oxygen i n h i b i t s  a c t i v a t i o n  
o f  t he  a d j a c e n t  oxygen-carbon bond. 
c u r r e n t l y  i n  p r o g r e s s .  

S t u d i e s  of o t h e r  s u b s t i t u t e d  p h e n o l s  a r e  

S-RY 

P y r i d i n e  h y d r i o d i d e  and l i t h i u m  i o d i d e ,  i n  p y r i d i n e ,  d e a l k y l a t e  2-methoxy and 
These r e s u l t s  p l u s  t h e  r e p o r t s  2-ethoxy, b u t  n o t  4-methoxy b e n z o i c  a c i d s  a t  115".  

of Mayo gt ( 1 , 2 , 3 )  a l l o w ,  b u t  do n o t  r e q u i r e ,  t h e  c o n c l u s i o n  t h a t  i o d i d e  r e a g e n t s  
c l e a v e  e t h e r s  i n  c o a l .  Based upon t h e  behavior  of t h e s e  and o t h e r  model compounds, 
we b e l i e v e  t h a t  any e t h e r s  i n  c o a l  c l eaved  by L i z  o r  Py-HI in p y r i d i n e  must have 
s t r u c t u r e s  which p r o v i d e  i n t r a m o l e c u l a r  hydrogen bonding t o  t h e  e t h e r  oxygen t o  
a c t i v a t e  t h e  oxygen-carbon bond toward a t t a c k  by i o d i d e  i o n .  
r e c e n t  r e s u l t s  i n d i c a t e  t h a t  e t h e r s  i n  c o a l  may meet t h i s  r e q u i r e m e n t .  

G e t h n e r ' s  and La r sen ' s  
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Tab le  1 S t a r t i n g  material  r ecove ry  f rom r e a c t i o n s  of Py-HI w i t h  model e t h e r s  or 
esters 

b 
Compounda Solvent  C a t a l y s t  Time Temp % Recovery b ( " 0  

I 

IIC 

I1 

I11 

I V ,  v 

V I  
: 

Aniso le  

Methyl 
1 Benzoate  

PY 

Py, CH3CN 

PY 

PY 

CH CN 3 

PY 

CH3CN 

PY 

Py, E t O H  

CH3CN 

None, Ext Coal 5hr-7d 
TIPS 

A I B N ,  (PhCOO)2 1-2d 

FeS, FeS2, PhZS 3-7d 

2 Ext  Coa l ,  H 2 0 ,  FeCl 

None 5d 

None 5d 

None 3d 

None 1, 3d 

None 3d 

None 5-6hr 

None lOhr 

55-80 

70-95 

90-115 

90 

78 

115 

81 

115 

Ref lux  

81 

89-93 

87-94 

94-100 

98 

94 

100 

93, 94 

96 

92-93 

9 3  

a I d e n t i f i e d  i n  Exper imen ta l  S e c t i o n  

c LiI-H 0 i n  p l a c e  of Py-HI 
'! b No c l eavage  p roduc t s  d e t e c t e d  (<2%) 

2 
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Tab le  2 Reac t ion  of s u b s t i t u t e d  benzo ic  a c i d s  o r  pheno l s  w i t h  i o d i d e  s a l t s  

Subs t i t u e n  t Reagent So lven t  Tempa % Acid % Ether  
("0 Produc t  Recovered 

Benzoic Acids  

2-me thoxy 

2-methoxy 

2-me thoxy 

2-me t hoxy 

2-me t hoxy 

2-methoxy 

2-e thoxy 

2-phenoxy 

2-phenoxy 

4-methoxy 

Phenols  

Py-HI PY a5 10 80 

Py-HI PY 115 a i  14 

LiI-H 0 PY a5 54 44 

K I  PY 115 58 33 

2 

99 

94 

Py-HI PY 115 i a  84 

100 

94 

96 

b _ _  Py-HI CH3CN 75 

__ Py-HI DMSO 75 

_ _  Py-HI PY 115 

-- LiI-H20 PY 90 

-- Py-HI PY 115 

r ,  
, I  

2-methoxy 
100 _ _  phenol  Py-HI PY 115 

2-phenylmethoxy 
100 _ _  phenol  Py-HI PY 115 

a Reac t ion  t i m e  3 days  
b No c l e a v a g e  p r o d u c t s  d e t e c t e d  ( < 2 % )  
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